Ten substituted pyrrolo[2,3-dpyrimidines were tested as cytokinins and anticytokinins in the tobacco bioassay. Eight new anticytokinins were identified and two were found to be highly active. The most potent species were 4-cyclohexylamino-and 4-cyclopentylamino-2-methylthiopyrrolo[2,3-djpyrimidine, of which 0.05 and 0.009 AM concentrations, respectively, were required to produce detectable inhibition of the growth of tobacco callus cultured on a medium containing 0.003 uM 6(3-methyl-2-butenylamino)purine. The inhibition of growth by moderate (<6.6 uM) concentrations of these compounds was reversible by equal or higher concentrations of 6-(3-methyl-2-butenylamino)purine, but not by indole-3-acetic acid or gibberellic acid. These substituted pyrrolo[2,3-djpyrimidines were also found to enhance bud formation at high cytokinin concentrations, suggesting that a cytokinin may act at more than one cellular site in exerting its growth-promoting and morphogenetic effects.
Cytokinins are a class of hormones which promote cell division and participate in the regulation of growth and morphogenesis in plants (1) . Although all plants are thought to require cytokinins for growth, intact plants generally grow without exogenous cytokinins, presumably because they make their own. In fact, several highly active cytokinins have been found to occur naturally as N6-substituted adenine derivatives at the purine, ribonucleoside, and ribonucleotide levels (1) . Cytokinins are also present in the transfer RNA's of most forms of life, although their presence in tRNA has not been shown to be related to their regulation of growth (1, 2) .
Cytokinins have been found to influence the behavior of mammalian cells. They have been reported, for example, to inhibit platelet aggregation (3) and the growth of several mammalian cell lines, including cancerous lines (4-6 and references in 5). N6-(3-Methyl-2-butenyl)adenosine (i6Ado) has been reported to be an immunosuppressive agent (7) and to induce hematological remissions in leukemia patients (8, 9) . Several cytokinins, including i6Ado, have also been shown to be capable of regulating the growth of phytohemagglutinin-transformed human lymphocytes (10 and references therein), presumably by involvement in cyclic AMP metabolism, and i6Ado was shown to act as a competitive inhibitor of beef heart cyclic AMP phosphodiesterase (11) .
To facilitate the study of the mechanism of cytokinin action and provide potential chemotherapeutic agents, we designed and synthesized a class of structural analogs of cytokinins which behave as anticytokinins in plant bioassays (12, 13) . Proof that these "anticytokinins" act at the same cellular sites as the cytokinins is not presently accessible, since cytokinin-anticytokinin interaction is not monitored at the molecular level, but this interpretation has been proposed on the basis of the observed biological activities of the analogs in several assays and on the close structural relationship between cytokinins and anticytokinins (14) . The successful preparation of a class of antagonists suggested that additional heterocyclic series of anticytokinins should exist. Several potentially inhibitory analogs have been prepared (15) (16) (17) , but none of these fulfilled the criteria for anticytokinin activity to nearly the same extent as the original class of anticytokinins (14) . The present report describes a new class of potential cytokinin antagonists, the activity of which is consistent with the criteria specified for anticytokinins.
MATERIALS AND METHODS
Synthesis of Test Substances. The syntheses of 1 and 2 have been reported (14) . Satisfactory elemental analyses were obtained for all new compounds.
4-Amino-2-methylthiopyrrolo[2,3-dlpyrimidine (3). To 20 ml of ethanolic ammonia was added 1.0 g (5.0 mmol) of 4-chloro-2-methylthiopyrrolo [2,3-d] pyrimidine (18) . The mixture was heated in an autoclave at 1350 for 20 hr and then concentrated. The ethanol-soluble portion of the residue was purified by chromatography on silica gel, elution with ethyl acetate, and then by preparative thin-layer chromatography on silica gel, development with ethanol, to afford 3 as a white solid, yield 400 mg (40%). The melting point (mp) and ultraviolet spectrum were consistent with the literature values (19) .
443-Methyl-2-butenylamino)2-methylthiopyrrolo [2,3- djpyrimidine (4) . To 400 mg (2.0 mmol) of 4-chloro-2-methylthiopyrrolo [2,3-d] pyrimidine (18) 4-Cyclopentylamino-6-methylthiopyrrolo[2,3-dlpyrimidine-5-carbonitrile (11) . To 533 mg (2.61 mmol) of the presumed methoxymethylenamino derivative of 2-amino-3,4-dicyano-5-thiopyrrole (20) was added 3 ml of cyclopentylamine and the mixture was heated at reflux for 2 hr under N2. The product was purified by chromatography on 30 g of Sephadex LH-20, elution with H20 and then with increasing concentrations of ethanol. The (15, 200) .
Bioassay Procedures. Cytokinin activity was determined by the tobacco bioassay (21) , and growth-inhibiting activity by a modification of this assay. For cytokinin measurement, the media contained the mineral salts specified in Table 6 , part A, of ref. 21 , to which certain organic substituents were added (14) . The test compounds were dissolved in dimethylsulfoxide and added to the cooling, autoclaved medium after suitable dilution (21, 22) . Compounds lacking or having very low cytokinin activity were further tested by the addition to the above medium of 0.003 AM N6-(3-methyl-2-butenyl)-adenine (i6Ade). The enhancing or inhibiting effect on callus growth of the test substances was clearly evident at this suboptimal cytokinin concentration. An optimal cytokinin concentration, 0.08 jM i6Ade, or a series of increasing cytokinin (3) , which lacked an N4-substituent, had neither cytokininn or anticytokinin activity. The extent to which inhibition of growth by these analogs can be reversed by cytokinins is illustrated for 9 in Fig. 1 and for 7 in Fig. 2 . Concentrations of 9 from 0.73 to 6.6 ,M strongly inhibited cultures grown on low concentrations of i6Ade or in the absence of added cytokinin, but not the growth of cultures supplied with high concentrations of i6Ade. Particularly striking was the full restoration of growth in cultures with 6.6 ,4M 9 and 20.uM i6Ade. However, the inhibition-caused by 20 MAM 9 was severe even in the presence of 20 MAM i6Ade and is apparently irreversible by cytokinins. Compound 7 also acts as a specific anticytokinin, as judged by the effective cytokinin reversal of inhibition ( Fig.  2A) . 2. Enhancement of Cytokinin-Promoted Budding. Compounds 7 and 9 promoted the formation of buds in some treatments at high cytokinin concentrations, and this may have increased the fresh weight yields somewhat (Figs. 1  and 2 ). This significant promotion of bud formation by substituted 4-aminopyrrolo [2,3-d] pyrimidines was obtained in the presence of 11.4 MM indole-3-acetic acid (IAA), as normally employed in cytokinin bioassays. At lower IAA concentrations compounds 7 and 9 had little effect on bud formation.
3. Specific Anticytokinin Nature of the Growth Inhibitory Effect. To determine whether the inhibition of growth was in the nature of a specific anticytokinin effect or could also be reversed by auxins, experiments were carried out with serial combinations of 9, IAA, and i6Ade. The results of two such experiments are summarized in Fig. 3 . In the presence of the lowest concentration of added cytokinin (0.08 M4M I6Ade, Fig. 3A ) growth increased as a function of the auxin concentration, but the inhibition of growth by 9 (detectable at 0.24 ,M and almost complete at the 0.73 ,M) was not significantly affected by any concentration of IAA. However, as the concentration of cytokinin was increased successively (Fig. 3B, C, and D) , the yields of tissue increased as a function of the IAA concentration in the presence of correspondingly higher concentrations of 9. Thus the highest cytokinin concentration (6.6 MM i6Ade, Fig. 3D ) completely counteracted the inhibition of growth by the highest tested concentration of 9 (2.2 ,M). These results are in accordance with expectations on the basis of known relationships between cytokinin and auxin concentrations in their effect on yield (23) and the assumption that 9 acts as a specific anticytokinin.
The same conclusion was reached from the fact that gibberellic acid was found not to reverse the growth inhibitory (12, 13) , most growth inhibitory analogs (15) (16) (17) were found to have a more general function when evaluated at a given concentration for reversal of inhibition by added cytokinin and for correlation of inhibitory activity with structural features usually associated with cytokinin-active species (14) .
In the present case, all of the N-substituted 4-amino-2-methylthiopyrrolo [2,3-d] pyrimidines tested were found to inhibit the growth of tobacco callus cultured in the presence of 0.003 AM i6Ade, and two compounds (7 and 9) were exceptionally active. Inhibitory activity was limited exclusively to compounds (4-10) having a close structural resemblance to the cytokinins 4-(3-methyl-2-butenylamino)pyrrolo [2,3-d] pyrimidine (1) It is of interest that at high concentrations of antagonist (e.g., 0.08-2.2 MM for 7; Fig. 2) , the further addition of cytokinin beyond the concentration which reversed the inhibition (e.g., 0.73 ,M i6Ade) tended to inhibit growth. This effect parallels, at least in a superficial way, the inhibitory effects on cultured mammalian cells obtained both with cytokinins and anticytokinins (S. M. Hecht, and R. B. Frye, manuscript in preparation). In fact, compounds [4] [5] [6] [7] [8] [9] [10] are inhibitors of beef heart cyclic AMP phosphodiesterase (11) and compound 7 was shown to be a competitive inhibitor.
